Abstract New global models provide the opportunity to generate quantitative information about the world water situation. Here the WaterGAP 2 model is used to compute globally comprehensive estimates about water availability, water withdrawals, and other indicators on the river-basin scale. In applying the model to the current global water situation, it was found that about 24% of world river basin area has a withdrawal to availability ratio greater than 0.4, which some experts consider to be a rough indication of "severe water stress"; the impacts of this stress are expected to be stronger in developing countries than in industrialized ones. Under a "businessas-usual" scenario of continuing demographic, economic and technological trends up to 2025, water withdrawals are expected to stabilize or decrease in 41% of world river basin areas because of the saturation of water needs and improvement in water-use efficiency. Withdrawals grow elsewhere because population and economic growth will lead to rising demand for water, and this outweighs the assumed improvements in water-use efficiency. An uncertainty analysis showed that the uncertainty of these estimates is likely to have a strong geographic variability.
INTRODUCTION
A series of significant international meetings (including, for example, the First World Water Forum, in Marrakech, March, 1997 ; the Second World Water Forum, in The Hague, March, 2000 ; and the World Summit on Sustainable Development in Johannesburg, August, 2002) have shown that the issue of global water resources has achieved a central place in discussions about international economic development and environmental policy. Such discussions require, among other things, an overview and assessment of the current and future world water situations. The objective of this paper is to provide quantitative analyses that contribute to the understanding of the world water situation. First, a brief overview is presented of the WaterGAP 2 model, which is used for these analyses. Readers are referred to a companion paper (Alcamo et al., 2003) for details about the model development and testing. Next the model is used to analyse the current world water situation. Then model results are examined for a "business-as-usual" scenario of changes in water resources up to 2025. Finally, an analysis of the uncertainty of the model is presented to help evaluate model results.
OVERVIEW OF THE WATERGAP 2 MODEL
Calculations in this paper use the global WaterGAP 2 model (Water -Global Assessment and Prognosis), which was developed at the Centre for Environmental Systems Research of the University of Kassel, Germany, in cooperation with the National Institute of Public Health and the Environment of The Netherlands (RIVM). The WaterGAP 2 model is currently the only model with global coverage that computes both water use and availability on the river basin scale.
The aim of WaterGAP 2 is to provide a basis for both an assessment of current water resources and water use and an integrated perspective of the impacts of global change on the water sector. The WaterGAP 2 model comprises two main components: a Global Hydrology model and a Global Water Use model. The Global Hydrology model simulates the characteristic macroscale behaviour of the terrestrial water cycle to estimate water availability; in this context "water availability" is defined as the total river discharge, which is the combined surface runoff and groundwater recharge. In a standard global run, the discharge of approximately 10 500 rivers is computed.
The Global Water Use model consists of three main sub-models which compute water use for the domestic, industry, and irrigation sectors in 150 countries. Both water availability and water use computations cover the entire land surface of the globe, except Antarctica (spatial resolution 0.5°, i.e. 66896 grid cells). A global drainage direction map with a 0.5° spatial resolution allows for drainage basins to be chosen flexibly; this permits the analysis of the water resources situation in all large drainage basins worldwide. Details about the model are given in Alcamo et al. (2003) .
APPLICATION TO ASSESSMENT OF CURRENT SITUATION
It is, of course, not a straightforward task to assess the current situation of world water resources. Many choices must be made for the assessment; for example, the choice of indicators, and their temporal and spatial resolution. For the assessments in this paper, two indicators are used that encompass many different aspects of water-related issues, and which can be estimated worldwide on the river basin level (see Alcamo et al., 2003) , namely water withdrawals and water availability. ("Water availability" is used interchangeably with "discharge", and "annual renewable water resources" within a river basin.) The "current" situation for water withdrawals is represented by the year 1995 because this is the latest year with comprehensive global water-use data. The current situation for water availability is represented by its long-term annual average value over the "climate normal" period . For domestic and industry withdrawals, country data from Shiklomanov (2000) are allocated to river basins using the algorithms in the domestic and industry water use models explained in the Appendix of Alcamo et al. (2003) . For agriculture withdrawals, three main sources of information are input to the model: the density of livestock (GlobalARC, 1996) , the extent of irrigated land (Döll & Siebert, 2000) , and time series of monthly climate data from the climate normal period (New et al., 2000) .
For computing water availability (resulting discharge from river basin), monthly climate data from the climate-normal period are also used (New et al., 2000) . The advantage of using the WaterGAP 2 model, rather than measurements, to estimate the long-term water availability, is that the model provides a consistent basis for calculating discharge in river basins with incomplete measurements. First, the model can be calibrated to any existing long-term runoff records, even if these data cover only part of the climate normal period. Then, the calibrated model can be run with the appropriate historical climate data to compute average climate normal discharge for every river basin. Therefore the model can be used to compute the water availability covering an identical and standard averaging period for every river basin in the world. The obvious disadvantage of this approach is the unavoidable uncertainty of model estimates discussed in Alcamo et al. (2000) and below.
To obtain an overview of the world water situation, the ratio of withdrawals to availability (w.t.a.) is examined. The w.t.a. ratio is a conventional indicator of "water stress" which is a measure of the amount of pressure put on water resources and aquatic ecosystems by the users of these resources, including municipalities, industries, power plants and agricultural users (see, for example, Alcamo et al., 2000; Vörösmarty et al., 2000; Cosgrove & Rijsberman, 2000; Raskin et al., 1997) . Roughly speaking, the higher the w.t.a. ratio, the more often the water in a basin is used and the more it is degraded or depleted, therefore limiting further use of these water resources to downstream users. This indicator has the advantage of being transparent and computable for all river basins. Figure 1 depicts the withdrawals to availability (w.t.a.) ratio for withdrawals in 1995 and average availability during the climate normal period. The highest w.t.a. values occur, as expected, in arid areas, but also in more humid areas such as the Don, Hudson, Severn, Thames, and most of Florida, because of high water withdrawals. According to this analysis, about 24% of world river basin area (excluding the ice caps) has a w.t.a. ratio of greater than 0.4. This threshold was used by a consortium of United Nations organizations (Raskin et al., 1997) , by the World Water Council (Alcamo et al., 2000; Cosgrove & Rijsberman, 2000) , and by Vörösmarty et al. (2000) as an approximate threshold of "high" or "severe" water stress. It is based on expert judgement and indicates heavy competition between water users. Areas in this category include most of India, northern China, middle Asia, the Middle East, northern and southern Africa, parts of southern Europe, western Latin America, a large part of the western United States, northern Mexico, and a few river basins in Australia. Overlaying these areas with the previously mentioned population density database (van Woerden et al., 1995) , produces an estimate of 2.1 billion people worldwide living in river basins under severe water stress. This is an intermediate estimate between the 1.7 billion from Vörösmarty et al. (2000) and the 2.5 billion from Alcamo et al. (1997) . The estimate of Vörösmarty et al. (2000) is derived by dividing the water withdrawals within each cell by the cell discharge, rather than taking into account upstream withdrawals, as is done in this paper. The estimate of Alcamo et al. (1997) refers to areas of "water scarcity" according to an indicator that combines the w.t.a. ratio with water availability per person in river basins.
However, the effects of severe stress are expected to be different in industrialized and developing countries. In industrialized countries, water is intensively recycled by industry, and wastewater is usually treated before being sent on to downstream users. For these and other reasons, industrialized countries can often intensively utilize their water resources without experiencing scarcity. In contrast, in most developing countries, the level of water recycling and wastewater treatment is much lower and so the intensive use of available water resources can cause severe degradation in quality and lead to heavy competition between water users (e.g. periodic disruptions in municipal or industry water supply). Nevertheless, in both developing and industrialized countries, a level of severe stress indicates the likelihood of strong competition for water resources during dry years between municipalities, industry and agriculture.
Since the threshold of w.t.a. of 0.4 is very approximate, a sensitivity analysis was carried out in which this value was varied ±50%. For the 1995 situation, this results in a range of 19-30% of world river basin area under severe stress. In the authors' view, this indicates that conclusions based on a threshold of w.t.a. ratio at 0.4 are fairly robust.
APPLICATION TO A BUSINESS-AS-USUAL SCENARIO FOR 2025
In a second application of WaterGAP 2, the model was used to compute a "businessas-usual" scenario of water withdrawals in 2025 under the assumption that current trends in population, economy and technology continue. Withdrawals in 2025 are then compared with estimates of current water availability from the previous example. In this analysis the possible effects of climate change on water availability or use are not taken into account. Assumptions about the driving forces of this scenario are taken from the business-as-usual scenario (BAU) of the World Water Commission (Cosgrove & Rijsberman, 2000) and are summarized in Table 1 . Although this is a reference scenario, trends are not simply extrapolated. Instead, population and economies continue to grow, but at a slower pace. The efficiency of water use continues to improve each year in the domestic and industry water sectors, but also at a slower rate, declining from around 2% year -1 to 1% year -1 after 2005. Irrigated area expands globally by 1.5% (and only in India, Brazil, and Turkey), and irrigation efficiencies improve at a rate of 0.3% year -1 . It is emphasized that this is only one of many possible sets of plausible assumptions for a business-as-usual scenario.
Results for the scenario are grouped into three categories in Fig. 2 . River basins marked white show a stabilization or decrease in water withdrawals between 1995 and 2025 (i.e. increase of no more than 5% compared to the 1995 situation, or 10 6 m 3 km -2 ). A total of 41% of world river basin area falls into this category. Most river basins in industrialized countries are in this category because water demands tend to saturate in their domestic and industry sectors (see Alcamo et al., 2003 , for an explanation of the dynamics of water use in the domestic sector as repre sented in the WaterGAP 2 model). In addition, the extent of irrigated land stagnates in most countries, and water efficiency improves in all sectors. A decrease in withdrawals may also indicate a decrease in pressure on water resources, especially if the water availability of a basin does not decline because of climate change or other changes in the basin. Nevertheless, a decrease in pressure on water resources does not necessarily mean an improvement in water quality or lessening of the pressure on aquatic ecosystems. Another important point is that, although agricultural water use only grows in a few countries according to this scenario, it still accounts for 56% of global withdrawals in 2025 (compared to 67% in 1995) . River basins marked black are river basins with an increase in water withdrawals, where the pressure on water resources is high under the business-as-usual scenario (as indicated by a w.t.a. ratio greater than 0.4 in 2025). This category includes the Ganges, Huang Ho (Yellow River), Limpopo, and Nile. The growth of withdrawals is influenced by different factors in these basins: population growth leads to large increases in the domestic sector in the Limpopo and Nile basins; the industry sector of the Nile also rapidly grows because of growth in electricity production; in the Huang Ho basin, economic growth is the primary cause of large increases in water withdrawals in the domestic sector. It is noteworthy that withdrawals increase substantially in these regions despite assumed improvements in water use efficiency noted above. Apparently the pressures of population and economic growth outweigh the effects of higher water use efficiency.
River basins marked grey indicate areas where withdrawals increase but where the w.t.a. ratio stays below 0.4. As in the previous category, withdrawals grow because of population and economic growth, and despite the improvement in the efficiency of water use. Here pressure on water resources also increases, but the available water is not used as intensively as in the preceding category. Prominent river basins in this category are the Amazon, Congo, Volga and Yangtze.
ESTIMATION OF GEOGRAPHIC VARIATION IN UNCERTAINTY OF WATERGAP 2
In order to assess the preceding estimates it is important to appreciate the types and magnitude of uncertainties that influence model calculations. These include inexact estimates of model parameters (such as the coefficients used to describe evapotranspiration or structural changes in water intensity), errors in model inputs (such as population or precipitation data), or the simplifications of social and natural processes in the form of model equations. To estimate and quantify these and other individual uncertainties is outside the scope of this paper. Nevertheless, a first estimate of the geographical variation in uncertainty of calculations is made, based on the "goodnessof-fit" of the model to observed historical data, or other criteria explained below. A river basin or region is given a score of 1 for a lower level of uncertainty and 2 for a higher level. It needs to be reiterated, however, that this analysis cannot substitute for a full quantitative evaluation of the important individual sources of uncertainties. Figure 3 presents results for the different component models of WaterGAP 2. Results for domestic and industry water withdrawals are presented in Fig. 3(a) and (b), in which uncertainty is ranked according to the goodness of the fit of the structural change model to the historical trend in regional water intensity (a region receives a ranking of 1 if the r 2 of this fit is above 0.6). Countries fall into the more uncertain category either because their data are more unreliable, or because the simple structural model does not explain the historical trend of their water intensity. In any event, more detailed and accurate data are needed to improve the model and reduce the uncertainty of these calculations.
Figure 3(c) shows results for irrigation water withdrawals, and takes into account that a very important source of uncertainty is the estimate of the extent of irrigated land within a river basin. Here, a river basin is given an uncertainty ranking of 2 if the estimate of irrigated land is based on very approximate information from either maps of irrigated areas, or FAO country data on irrigated areas (see the previous discussion of the irrigation model); it is given a ranking of 1 if it is based on more detailed information (see Döll & Siebert, 2000) . Because detailed irrigation data are available for many developing countries, the map of uncertainty for the irrigation calculations has very different patterns from the maps of domestic and industry water use.
Finally, Fig. 3(d) presents results for the Hydrology model, in which a river basin receives an uncertainty ranking of 1 if sufficient discharge measurements were available for calibration of runoff (Case 1 in the section on validation of Alcamo et al., 2003) and 2 otherwise. About 50% of world river basin area has sufficient data for calibration.
It is noted that some river basins have a ranking of 1 for all types of calculations and may therefore have somewhat more reliable calculations than the river basins that receive a ranking of 2 for all calculations. However, this conclusion is based on the narrow definition of model uncertainty used in this section. Those with a ranking of 1 in all categories include the river basins of the Mississippi/Missouri and Colorado in the USA, the Godavari, Krishna, and most of the Ganges in India, and most of the Orinoco in Venezuela. Those with a ranking of 2 include many parts of central Asia and large parts of Africa.
DISCUSSION AND CONCLUSIONS
How should the quantitative results presented herein be interpreted? It was shown in the preceding section that the level of uncertainty is likely to vary geographically, and this should be taken into account in assessing results. In Alcamo et al. (2003) other conclusions about model calibration and testing are presented. Based on this information, it is believed that the WaterGAP 2 model is suitable for giving an overview rather than specific details about a water resource issue. For example, it is not advisable to use model results for developing a water management plan for a particular river basin. Instead, it is more appropriate to use these results to judge the number and location of basins that are more likely to be under pressure from water use than others. A first estimate of the most affected basins is marked black in Fig. 1 , and this shows that a large number of basins (about one-quarter of the area of all river basins) fall into this category. If desert areas are subtracted out, it can still be estimated that about 16% of the total area of all basins are under severe water stress (that is, if a w.t.a. ratio of 0.4 is accepted as an approximate threshold of severe water stress). These are the basins that should be given special attention in the analysis of water scarcity. But it is also necessary to take into account that developing countries are likely to be more sensitive to this stress than industrialized countries.
Also of interest is the longer time perspective afforded by Fig. 2 . Rather than a prediction, this figure shows the estimated consequences of the assumed population and other changes in the business-as-usual scenario. One consequence is that withdrawals continue to grow in a large number of river basins where a significant fraction of the annually available water is already withdrawn. These areas are marked black, and make up 12% of the total global area of basins. They could be viewed as "hot spot" problem areas where pressure on water resources is expected to increase, and where the amount of water is more likely (compared to the grey and white areas) to be a limiting factor in economic development.
In other publications of the present authors, the effect of climate change on water use, water availability and water stress is also investigated (Alcamo et al., 1997; Alcamo & Henrichs, 2002; Döll et al., 1999; Döll, 2002) . As other authors have also found (e.g. Arnell, 1996; Vörösmarty et al., 2000) , climate changes can significantly increase water stress over a relatively large part of the world, and therefore climate impacts should be included in global water assessments.
In summary, these results point to the growing capability of models of indicating where water resources problems may be more important than others, and where the situation might change dynamically in the future. This top-down approach cannot replace detailed river basin studies, but it can provide a unique global-scale perspective on water resource issues.
